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Abstract

Astronomical images taken from a telescope must
go through “astronomical image processing” to
remove instrumental signatures. The Dark Energy
Survey (DES), which will start operations in 2012,
will use a 570 megapixel Dark Energy Camera
(DECam) to study the mystery of the acceleration
of the expanding universe. The DECam will use
'(6ÀOWHUVDQGRIDQHZW\SHRIDVWURQRPLFDO
Charge Coupled Device (CCD) that is particularly
HIÀFLHQW LQ GHWHFWLQJ QHDULQIUDUHG OLJKW
7RJHWKHUWKH'(6ÀOWHUVDQG'(&DP&&'VDUH
optimized for the measurement of redshifts of
distant galaxies. In preparation for the DES, data
were collected from the 1 meter telescope at Cerro
7ROROR ,QWHU$PHULFDQ 2EVHUYDWRU\ &7,2  LQ
&KLOHXVLQJD'(6ÀOWHUVHWDQGD'(&DP&&'
as a test set for the initial analysis of data. Here,
WKHVH &7,2P GDWD ZHUH XVHG WR GHWHUPLQH
the relationship between the apparent measured
brightness of stars of known brightness (standard
stars) and the amount of atmosphere the telescope
looks through (angular distance from the zenith
or “airmass”). This relationship was tested
against the results from another telescope using
VLPLODUÀOWHUV)LQDOO\WKLVUHODWLRQVKLSZDVXVHG
to calibrate the brightness of stars of unknown
EULJKWQHVV WKDW ZHUH DOVR REVHUYHG LQ WKH &7,2
1m data set.

Introduction
Dark energy, a form of energy that counteracts
gravity and accounts for more than 70 percent of
the universe, is the source of the current expansion
of the universe. Although many studies have now
FRQÀUPHGWKHH[LVWHQFHRI GDUNHQHUJ\WKHUHLV\HWWR
be a compelling explanation for it. The acceleration of
the universe suggests that our model of fundamental
particles and gravity is either incorrect or incomplete1.
This mysterious dark energy is being studied
by looking at light coming from distant galaxies.
Light traveling through an expanding medium will
experience a redshift, where the wavelength and the

frequency of light increases and appears “redder”.
Studying the redshift of light coming from distant
galaxies can uncover the nature of dark energy, since
such phenomena is a direct result of expansion of
the universe (space medium), driven now primarily by
dark energy.
7KH 'DUN (QHUJ\ 6XUYH\ '(6  LV D ÀYH \HDU
galactic survey that will look at a 5000 square degree
area in the Southern Galactic Cap over 525 nights,
designed to observe the properties of dark energy5.
The DES will be using the Dark Energy Camera,
DECam, which is a 570 mega pixel camera with 74
Charge Coupled Devices (CCD) sensitive to the
light coming from distant galaxies. It is installed and
operated on the Blanco 4m telescope at the Cerro
Tololo Inter-American Observatory (CTIO) located
in Chile8. The data taken with DECam will be used
to study the mystery of the accelerated expansion of
the universe5. DES will use this powerful new camera
to identify and count clusters of galaxies as a function
of the redshift, to study how galaxies and dark matter
cluster as a function of the redshift, and to identify
and measure the brightness of Type Ia supernovas as
a function of the redshift. All these measures depend
on the properties of dark energy and how dark
energy affects either the expansion of the Universe
(e.g., supernova brightness vs. redshift relations) or
the growth of structure over time (e.g., the number
of clusters of galaxies vs. redshift or the clustering
of dark matter vs. redshift). All these measurements
depend on the redshift. The most precise redshifts are
of course obtained using spectrographs, but obtaining
spectrographic redshifts for large numbers of objects
is a very time-consuming process. The DES plans to
get around this bottleneck by the much faster method
RI XVLQJDÀOWHULPDJHUZKLFKLQHVVHQFHDFWVOLNHD
low-resolution spectrograph (one with 5 wavelengths);;
in fact the DECam CCDs have been chosen to be very
sensitive in the near-infrared (to about 1 micron in
wavelength) in order to use this method out to large
redshifts (z ~ 1), or the distant it takes light to travel
in about 6.6 billion years12. Redshifts obtained this way
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are called photometric redshifts (or “photo-z’s”). To
measure photometric redshifts accurately, however,
requires good photometric calibration. This paper
focuses on one of the steps towards good photometric
calibration of the DES.
Prior to the main survey starting in 2012, the
PreCam Survey, designed to provide better calibration
RI WKLVQHZÀOWHUV\VWHPZLOOEHFRQGXFWHGDW&7,211.
3UH&DPZLOOEHXVLQJWKHVDPHW\SHRI &&'·VDQGÀOWHU
system as the DES. Prior to PreCam, a test run using
D'(&DP&&'DQG'(6ÀOWHUVZDVSHUIRUPRQWKH
CTIO 1m, telescope. By comparing the relationship
between the brightness of stars and the amount of
atmosphere the telescope looks through (angular
distance from the zenith or “airmass”) from the CTIO
PWHOHVFRSHWKHVHÀUVWGDWDWDNHQLQWKH'(6ÀOWHU
V\VWHPZLOOSURYLGHDÀUVWORRNDWUHDOVWDUVDQGJDOD[LHV
LQ WKLV ÀOWHU V\VWHP LQFOXGLQJ QRQVWDQGDUG VWDUV
ZLWKXQNQRZQEULJKWQHVV7KHVHZLOOSURYLGHWKHÀUVW
DVWURQRPLFDOFDOLEUDWLRQGDWDLQWKHQHZ'(6ÀOWHUVHW

Materials and Methods
8VLQJLPDJHV VKRZQLQÀJXUH WDNHQIURPWKHP
telescope during a week long observing run in July of
20105, several calibrations were performed to get rid of
the noise in the images. Nights of July 10 and 11 (nights
6 and 7 of the observing run) were chosen, since the
observation log indicated some technical problems
ZLWKWKHWHOHVFRSHIRUWKHÀUVWFRXSOHRI QLJKWVRI WKH
observing run.
7KH LPDJHV QDPHG ´ELDVµ DQG ´ÁDWµ DUH IRU
FDOLEUDWLRQSXUSRVHVDQGLPDJHVQDPHG´ÀWVµDUHWKH
LPDJHVRI WKHVN\WDNHQIURPWKHWHOHVFRSH(DFK´ÀWVµ
ÀOHQDPHKDVDOHWWHUULJKWDIWHULQGLFDWLQJWKHNLQGRI 
ÀOWHUXVHGWRWDNHWKHLPDJHJUL]RU\ÀOWHU
7KHSXUSRVHEHKLQGWDNLQJ´ELDVµDQG´ÁDWµLPDJHV
is to provide calibration for the telescope’s electronics
system and other external variables. The “bias” images
are taken with closed shutter and zero exposure time
and provide a 2D map of the electronic signature that
ZDVDGGHGWRWKHGDWDGXULQJUHDGRXW7KH´ÁDWµLPDJHV
are taken with uniform luminosity in the inside of the
dome and provide a 2D map of the photon-detection
HIÀFLHQF\YDULDWLRQVDFURVVWKH&&' IRUDJLYHQÀOWHU 
Grouped into two kinds of calibration images, they
are processed with a computer using a Python script
(“fastreduce” script), which takes the list of the
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FDOLEUDWLRQÀOHVDQGIRUHYHU\SL[HORQWKHLPDJHVWDNHV
the median-valued pixel to create a single master “bias”
RU ´ÁDWµ LPDJH 7KHQ WKH PDVWHU ´ELDVµ DQG ´ÁDWµ
LPDJHV FDQ EH XVHG WR FDOLEUDWH IRU HIÀFLHQF\ RI  WKH
CCD and to remove the instrumental signature from
the telescope’s electronics.
$IWHUWKHFDOLEUDWLRQRI WKHHIÀFLHQF\RI WKH&&'
and the removal of instrumental signatures from the
telescope’s electronics are performed, astrometric
calibration (calibration of the star positions) on an
image is done in order to correct the star’s location in
the images. First, using a program called sExtractor3,
WKHVWDUV LQ WKHLPDJHVDUH LGHQWLÀHGV([WUDFWRU DOVR
FRPSLOHV WKH ORFDWLRQ RI  WKH LGHQWLÀHG VWDUV DQG WKH
EULJKWQHVVIRUHDFKVWDUWKDWZDVLGHQWLÀHG8VLQJWKHVH
sets of information about the stars in the image, the
image is matched up with the images of the same part
of the sky from an online database. Then using the
information about the position of the stars from the
database, the measured positions of the stars in the
images were corrected (both sExtracted and calibrated
LPDJHVVKRZQLQÀJXUH 
After the instrumental signatures were removed
DQGWKHVWDUVDQGWKHLUSRVLWLRQVZHUHLGHQWLÀHGDÀHOG
RI WKHVN\QDPHG($ZDVFKRVHQWKHÀHOG($LV
D ÀHOG FRQWDLQLQJ VWDQGDUG VWDUV VWDUV RI  SUHYLRXVO\
known brightness) and it had the most observations at
different airmasses that could be plotted.
The instrumental magnitude (or measured
magnitude) is determined by a formula:
PLQVWU ORJ FRXQWVVHF
where the instrumental magnitude is proportional to
the negative log of counts(number of photons detected
by the telescope) over time. The brighter objects will
have smaller magnitudes.
After all of the instrumental magnitudes of the
LGHQWLÀHG VWDUV ZHUH GHWHUPLQHG WKH JUDSK RI  WKH
same stars in two different airmasses were plotted
VKRZQLQÀJXUH 7KHVORSHRI WKHJUDSK N DQGWKH
y-intersept of the graph (a) were determined.
PLQVWUPWUXH DN ;
The above formula shows the relationship between
the brightness of a star measured by the telescope and
its true brightness, where minstr is the instrumental
magnitude of the star, mtrue is the true magnitude or
how bright the star really is, (a) is the y-intercept of the
relationship plot (which accounts for the photometric
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]HURSRLQWRI WKHV\VWHPLQWKDWÀOWHUV\VWHP  N LVWKHVORSHRI WKHUHODWLRQVKLSSORW RUWKHDWPRVSKHULFH[WLQFWLRQ
FRHIÀFLHQWLQWKDWÀOWHU DQG;LVWKHDLUPDVV DQGLVDSSUR[LPDWHO\HTXDOWRWKHVHFDQWRI WKHGLVWDQFHRI WKHVWDU
from the zenith).
2QFH WKH YDOXHV RI  PLQVWU D N DQG ; DUH GHWHUPLQHG  PWUXH FDQ EH GHWHUPLQHG IRU RWKHU VWDUV XVLQJ WKH
formula below.
PWUXH PLQVWUDN ;

Results
)RUWKLVZRUNZHFRQFHQWUDWHGRQWKHREVHUYDWLRQVGRQHLQWKHJÀOWHU7KHUDZLPDJHV VXFKDVLQÀJXUH ZHUH
FDOLEUDWHGZLWKPDVWHUELDVDQGÁDWLPDJHV VKRZQLQÀJXUH 7KHUHVXOWLQJFDOLEUDWHGLPDJHZLWKPLQLPL]HG
H[SHULPHQWDOHUURULVVKRZQLQÀJXUH
From the graph of airmass versus the minstr-mtrue for the standard stars, the extinction (k) and the zeropoint
D RI WKHWHOHVFRSHZHUHGHWHUPLQHG VKRZQLQÀJXUH 
Using the determined extinction (0.1699) and zeropoint (-23.809), and the given airmass of the image, magQLWXGHVRI VWDQGDUGVWDUVLQWKH6$ÀHOG DQRWKHUVWDUÀHOGREVHUYHGRQWKHVDPHQLJKW ZHUHFDOLEUDWHG7KH
average difference between the true magnitude and the calibrated magnitude was around 0.15 magnitude, and
PXFKVPDOOHUIRUEULJKWHUVWDUV PDJQLWXGHOHVVWKDQ  *UDSKRI WKHGLIIHUHQFHVVKRZQLQÀJXUH 

)LJXUH Raw image from the telescope

a

b

)LJXUH6DPSOHLPDJHVRI DELDVLPDJH D DQGÁDWLPDJH E 7KH´GRQXWVµLQ
ÀJXUH E DUHGXHWRRXWRIIRFXVGXVWVSHFNVRQWKHFDPHUDZLQGRZ

a

b

)LJXUH Images of sExtracted image (a) and calibrated image (b)
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)LJXUHGraph of airmass versus difference in instrumental and true magnitude (minstr- mtrue) for
the standard stars showing the values for the extinction and the zeropoint. [Both the airmass and the
magnitude are dimensionless]

)LJXUH  6FDWWHU SORW RI  WKH LGHQWLÀHG VWDQGDUG VWDUV DQG WKHLU GLIIHUHQFH EHWZHHQ WKH NQRZQ
magnitude and the estimated magnitude

Discussion
The extinction at the CTIO 1m- telescope was determined and used to determine the brightness of standard stars
LQDQRWKHUÀHOG7KHUHVXOWLQJGDWDVXJJHVWVWKDWWKHEULJKWQHVVRI WKHVWDUVFRXOGEHFDOLEUDWHGZLWKGHWHUPLQHG
extinction and the zero-point since the brightness of star with unknown brightness could be calibrated using the
measured extinction and zeropoint values.
While all the calibrations were designed to eliminate most of the errors in measurements made by the telescope,
RWKHU IDFWRUV VXFKDVWKHÁXFWXDWLRQLQWKHDSSDUHQW EULJKWQHVVRI VWDQGDUGVWDUVFRXOGKDYHDIIHFWHGWKHUHVXOW
E\ HLWKHU RYHU RU XQGHUHVWLPDWLQJ WKH WUXH EULJKWQHVV GXH SULPDULO\ WR ÁXFWXDWLRQV LQ WKH (DUWK·V DWPRVSKHUH
in the direction of the standard stars). Also, traces of asteroids in the images could have been mistaken as a star
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in the images. Such noise would affect the calibration
in pointing of the telescope as well as the value of
extinction and zero-point. However, these possible
errors in the system are thought to be minimal and will
not affect the calibration and the result in a major way
since the ratio of amount of stars versus amounts of
asteroids in the images is huge.
As postulated, the unknown brightness of nonstandard stars can be calibrated in similar way to that
in other telescopes. Also the extinction value of the
QHZ '(6 ÀOWHU WXUQHG RXW WR EH YHU\ FORVH WR WKDW
determined by the Southern Standard Stars Project
ZKLFKXVHGVLPLODUÀOWHUVDV'(611.
Most experts believe that nothing short of a
revolution in our understanding of fundamental
physics will be required to achieve a full understanding
of the cosmic acceleration1. The DES will improve the
measurements of dark energy by a factor of 3 to 5
over previous estimates9. The calibration of a telescope
ZLWK D '(6 ÀOWHU V\VWHP ZLOO KHOS LQ FDOLEUDWLQJ WKH
DECam, which will be used to uncover the nature of
dark energy.
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